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Distinct Roles in Lymphoid Organogenesis
for Lymphotoxins a and b Revealed
in Lymphotoxin b±Deficient Mice
Pandelakis A. Koni,* Rosalba Sacca,² LTa3,which is madeby activated lymphocytes, signals
Pornsri Lawton,³ Jeffrey L. Browning,³ through TNFRs I and II and causes cytotoxicity and
Nancy H. Ruddle,² and Richard A. Flavell* inflammation in a manner similar to TNFa (Paul and
*Howard Hughes Medical Institute Ruddle, 1988; Schoenfeld et al., 1991; Picarella et al.,
and Section of Immunobiology 1992). LTb has thus far been found only in association
²Department of Epidemiology with LTa on activated lymphocytes (Androlewicz et al.,
and Public Health and 1992; Browning et al., 1993, 1995). The predominant
Section of Immunobiology form (LTa1b2) binds TNFR-related protein (LTbR), and a
Yale University School of Medicine minor form (LTa2b1) binds TNFR I (Crowe et al., 1994;
New Haven, Connecticut 06520 Browning et al., 1995). Although recombinant-derived
³Biogen soluble LTa1b2 is toxic to some adenocarcinoma cell
12 Cambridge Center lines in vitro (Browning et al., 1996), its biologic role is
Cambridge, Massachusetts 02142 unknown. Recent studies with recombinant soluble LTb
receptor (LTbR-Ig) have implicated LTa1b2/LTbR in the
development of some lymph nodes, Peyer's patches,
Summary and splenic organization (Rennert et al., 1996). However,
a biologic role for LTb has not been directly demon-
Lymphotoxin a (LTa)±deficient mice revealed critical strated, and it is not known whether LTb possesses any
roles for LTa in lymphoid organogenesis, but it is not activities other than as LTa1b2.
clear whether LTa functions through an LTa homotri- We generated LTb-deficient mice to determine the
mer (LTa3) or LTa/b heterotrimers. We generated LTb- role of LTb. Our studies reveal critical roles for LTb in
deficient mice and found them to lack Peyer's patches, lymphoid organogenesis and distinct roles for LTa3.
peripheral lymph nodes, splenic germinal centers, and Like LTa-deficient mice, LTb-deficient mice lacked pe-
follicular dendritic cells. Unlike LTa-deficient mice, ripheral lymph nodes and Peyer's patches and had dis-
LTb-deficient mice had cervical and mesenteric lymph organized splenic architecture with complete loss of
nodes. Furthermore, the mesenteric lymph nodes had germinal centers and FDC. Unlike LTa-deficient mice,
germinal center±like regions, although these struc- LTb-deficient mice had mesenteric lymph nodes (MLN)
tures appeared to lack follicular dendritic cells. The (although some LTa-deficient mice have occasional
absence of cervical and mesenteric lymph nodes in lymphoid aggregates in their mesentery; Banks et al.,
LTa-deficient mice, and yet their presence in LTb- 1995). Moreover, cervical lymph nodes (CLN) also were
deficient mice and in mice deficient in tumor necrosis apparent in most LTb-deficient mice. The presence of
factor receptor types I and II, suggest that LTa3 may MLN and CLN in LTb-deficient mice suggests a role
signal via an as yet unidentified receptor. for LTa independent of LTb (i.e., LTa3) via an as yet
unidentified receptor. Furthermore, theMLN of LTb-defi-
Introduction cient mice had germinal center±like regions, suggesting
that the lack of germinal centers in the spleen may be
Adaptive immune responses involve multiple interac- a secondary consequence of the disorganization.
tions among various cells, processes that are critically
dependent on the intricate microarchitecture of lym-
Resultsphoid organs. Studies on mice made genetically defi-
cient have revealed that several members of the lympho-
Generation of LTb-Deficient Micetoxin/tumor necrosis factor (TNF) receptor and ligand
An LTb-deficient mouse strain was generated by homol-families (Smith et al.,1994) have roles in lymphoid organ-
ogous recombination in 129/Sv embryonic stem (ES)ogenesis (Liu and Banchereau, 1996b). Mice deficient
cells using conventional techniques (Figure 1). Our strat-in TNFa lack follicular dendritic cells (FDC) and fail to
egy deletes a 0.7 kb region of the LTb gene and truncatesform splenic primary B cell follicles and germinal centers
the coding sequence at codon 153 (see Experimental(Pasparakis et al., 1996). TNF receptor (TNFR) I±deficient
Procedures), with numerous in-frame stop codons inmice lack Peyer's patches as well as FDC and germinal
the downstream neomycin resistance gene (i.e., the anti-centers (Le Hir et al., 1996; Matsumoto et al., 1996a;
sense orientation of the neomycin resistance gene). OnlyNeumann et al., 1996). Most strikingly, mice deficient in
23 codons of the LTb protein-encoding sequence re-lymphotoxin a (LTa; also called lymphotoxin or TNFb)
main downstream of the neomycin resistance gene (Fig-have a disorganized splenic architecture and lack Pey-
ure 1). Since LTb is a type II transmembrane protein,er's patches, all lymph nodes, FDC, and germinal cen-
any truncated LTb protein that may be produced wouldters (De Togni et al.,1994; Banks et al., 1995; Matsumoto
therefore lack at least the last 150 residues (60%) ofet al., 1996a, 1996b). LTa exists as a soluble homotrimer
the LTb extracellular domain (Lawton et al., 1995). This(LTa3) and as membrane-bound heterotrimeric com-
approach was taken because it removes the segmentplexes with lymphotoxin b (LTb) (Smith et al., 1994). It
of the gene encoding the entire b sheet extracellularis not known whether one or all aspects of the LTa-
domain, which is highly conserved among LTa, LTb, anddeficient phenotype are mediated by LTa3 or surface
LTa/b forms. the several otherTNF family members (Smith et al., 1994;
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LTb mRNA but the presence of a larger species (Figure
2A), consistent with LTb transcription through the neo-
mycin resistance cassette (Figure 1). Indeed, an RNA
species of the same size hybridized with a neomycin
gene±specific probe (data not shown). LTa and TNFa
mRNA upregulation upon stimulation with concanavalin
A (Con A) was normal (Figure 2A).
Supernatants from Con A±stimulated splenocyte cul-
tures were also tested for toxicity to WEHI 164 cells,
which are sensitive to killing by LTa3 and TNFa (Ruddle
et al., 1990). There was no difference in cytotoxicity
between the supernatants obtained from LTb-deficient
and wild-type splenocyte cultures (data not shown),
suggesting that LTa3 and TNFa production had not been
drastically affected by disruption of the LTb gene.
Finally, the effect of deletion of the LTb gene was
considered in terms of cell surface LTa and LTb expres-
sion. LTa and LTb are readily detected on the surface
of polyclonally stimulated wild-type splenocytes by flu-
orocytometry (Browning et al., submitted; Figure 2B).
Upon stimulation with anti-CD3, LTb-deficient spleno-
cytes showed normal upregulation of the very early acti-
vation marker CD69, but there was complete absence
of soluble LTb receptor binding, surface LTa, and sur-
face LTb (Figure 2B). Truncation of the LTb gene has
therefore not only eliminated LTb receptor binding but
hasprevented the presentation of LTa onthe cell surface
(as predicted). Thus, the targeting strategy has clearly
generated a null mutation of LTb without any obvious
effect on LTa and TNFa, except for the loss of mem-Figure 1. Targeted Disruption of the LTb Gene
brane-bound LTa.(A) The targeting strategy and the predicted targeted allele. The
region of the LTb gene between SacI (S) and HpaI (H) sites was
replaced with a neomycin resistance cassette in reverse orientation
Lymphoid Organs of LTb-Deficient Miceto the LTb gene, with subsequent introduction of a BamHI (B) site.
The LTa, LTb, and TNFa gene exons are shown as black boxes, as When examined at 6±8 weeks of age, LTb-deficient mice
are the locations of probes A and B. lacked Peyer's patches and peripheral lymph nodes
(B and C) Southern blot analysis of wild-type (1/1), heterozygous (mandibular, brachial, axillary, popliteal, inguinal, sacral,
(1/2), and LTb-deficient (2/2) littermates using probes A and B,
and iliac, as defined by Hebel and Stromberg, 1976)respectively. The lengths of the indicated BamHI fragments are
(Figure 3). Peyer's patches were easily visualized in wild-given in kilobase pairs.
type littermates after soaking intestines in 10% acetic
acid for 10 minutes. There were 11±14 obvious clusters
in each wild-type littermate but none in LTb-deficientLawton et al., 1995). This domain contains both the hy-
drophobic core onto which subunits pack to form a mice. Intestinal sections were also analyzed by hemo-
toxylin and eosin staining, confirming the presence oftrimer as well as the receptor binding region (Eck et
al., 1992; Banner et al., 1993; Smith et al., 1994). Thus, Peyer's patches in wild-type mice and a complete lack
of lymphocyte aggregates in LTb-deficient mice (datatruncated LTb (even if produced) would not be able to
assemble with LTa subunits and therefore would not not shown). Attempts to induce Peyer's patch appear-
ance or enlargement by alimentary tract challenge orpresent LTa on the cell surface (Browning et al., 1993).
Furthermore, truncated LTb would not beable to interact reconstitution by bone marrow transfer are underway.
Despite the absence of peripheral lymph nodes andwith LTbR even if it and LTa were presented on the cell
surface. Normal in vivo synthesis and secretion of LTa3 Peyer's patches, LTb-deficient mice did have MLN.
Some LTa-deficient mice have occasional lymphoid ag-should not be affected by deletion of the LTb gene,
provided that LTa messenger RNA (mRNA) expression gregates in the mesentery (Banks et al., 1995), but in
general LTa-deficient mice do not have MLN (De Tognihas not been affected.
To establish whether this strategy had resulted in a et al., 1994; Banks et al., 1995; data not shown). As
indicated in Figures 3C and 3D, the MLN of LTb-deficientnull mutation of the LTb gene and whether there had
been any deleterious effect on the expression of the mice in many cases were extremely prominent and al-
ways had a definite structure.nearby LTa and TNFa genes, mRNA levels in spleno-
cytes were first evaluated. LTb mRNA is produced con- Lymph nodes of theCLN group (Hebel and Stromberg,
1976) were also variably apparent in most LTb-deficientstitutively in resting splenocytes, whereas LTa and TNFa
mRNA accumulation is induced by polyclonal stimula- mice, albeit smaller than those in wild-type littermates
(Figure 3). LTa-deficient mice do not have CLN (De Tognition (De Togni et al., 1994; Millet and Ruddle, 1994;
Figure 2A). Northern blot analysis of total RNA from LTb- et al., 1994; Banks et al., 1995; data not shown).
Hemotoxylin and eosin staining of the spleen at 6±8deficient splenocytes revealed complete absence of
Phenotype of LTb-Deficient Mice
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Figure 2. Analysis of LTa, LTb, and TNFa Ex-
pression
(A) Northern blot analysis of Con A±stim-
ulated splenocytes. LTb-deficient (2/2) and
wild-type (1/1) splenocytes from 6±8-week-
old mice were processed for analysis without
stimulation (time 0) and after 4 hr and 24 hr
of stimulation with 1 mg/ml Con A. The blot
was probed consecutively for LTb, LTa,
TNFa, and b-actin mRNA. The sizes shown
are given in kilobase pairs. The two largest
LTa species represent nuclear RNA that has
not yet been fully spliced (Millet and Ruddle,
1994).
(B) Surface LTa and LTb expression by anti-
CD3-stimulated splenocytes. Wild-type, LTa-
deficient, andLTb-deficient splenocytes from
6±8-week-old mice were stimulated for 18 hr
with 1 mg/ml anti-CD3 and then stained for
LTa, LTb, and LTbR-Ig (receptor) binding and
the very early activation antigen CD69. The
histograms show only live, CD3-positive
splenocytes; negative control plots are not
captioned. The high CD69 staining shows
that LTb disruption had not affected cell acti-
vation.
weeks of age indicated a disrupted splenic architecture, et al., 1995; Figure 5). A more careful analysis by oral
immunization will be necessary to determine whetherwith leukocyte invasion into red pulp regions. Immuno-
fluorescent B and T cell staining confirmed disorganiza- there is a significant difference between LTa- and LTb-
deficient mice in terms of serum and fecal IgA produc-tion in the spleen (Figure 4C), but it was not as severe
as that seen in the spleen of LTa-deficient mice (Figure tion, but both of these mutant mice clearly have greatly
reduced IgA levels compared to wild-type littermates.4B). The MLN did not show obvious disorganization,
except that the B cell areas were somewhat larger than The reduced IgA in LTb-deficient mice despite the pres-
ence of MLN may be a reflection of the absence ofthose of wild-type mice. The MLN are currently being
investigated further. Peyer's patches.
Given the splenic disorganization seen in LTb-defi-Fluorocytometry on MLN, thymus, and spleen cells
did not reveal any major differences in cell type distribu- cient mice, humoral responses were tested at 6±8 weeks
of age by intraperitoneal challenge with sheep red bloodtion or overall state of activation markers compared to
wild-type mice, except that the MLN and spleen con- cells (SRBC), alongside wild-type littermates and age-
matched LTa-deficient mice. Only wild-type mice madetained a smaller percentage of B2201 IgMlo CD23lo cells
(which includes memory B cells) compared to wild-type substantial anti-SRBC IgG by days 6 (data not shown)
and 15 postimmunization (Figure 6A). LTa- and LTb-littermates.
deficient mice did not have anti-SRBC IgG at day 6
postimmunization (data not shown) and had only negligi-B and T Lymphocyte Responses
LTb-deficient mice had normal levels of serum immuno- ble levels at day 15 (Figure 6A). In all mice, the anti-
SRBC IgMtiter at day 15 postimmunization had declinedglobulin at 12±13 weeks of age except that IgA was
greatly reduced, both in serum and in feces (Figure 5). to about half that seen at day 6 (data not shown). The
levels of anti-SRBC IgM in LTa- and LTb-deficient miceThis was also the case for LTa-deficient mice (Banks
Immunity
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Figure 3. Lymphoid Organ Pathology
(A) Black staining reveals the presence of a brachial lymph node
(arrow) in a wild-type mouse 2 hr after injection of 0.1 ml India ink
into the hind footpad. Figure 4. Immunofluorescent B and T Cell Staining of the Spleen
(B) LTb-deficient mice do not show any staining, revealing the ab- Spleen sections from 6±8-week-old naive wild-type (A), LTa-defi-
sence of a brachial lymph node. cient (B), and LTb-deficient mice (C) are shown as digital overlays
(C) LTb-deficient mice possess multiple MLN (arrows). of B and T cell fluorescence (original magnification 253). B cells
(D) MLN from an LTb-deficient mouse. Histology was done by stan- are green; T cells are red; and areas of B and T cell codistribution
dard formalin/paraffin procedures and stained with hemotoxylin and are yellow and orange.
eosin (original magnification 163).
(E and F) A CLN from a wild-type and an LTb-deficient mouse,
respectively. Histologic examination was done as in (D) (original
magnification 323). and LTb-deficient mice showed only low levels of affinity
maturation (Figure 6C). These low levels suggest an ab-
sence of germinal centers and may be a result of a small
were higher than those in wild-type littermates (Figure
degree of immunoglobulin somatic hypermutation even6A), indicating that the mice had responded to the immu-
in their absence, as recently demonstrated in LTa-defi-nogen.
cient mice (Matsumoto et al., 1996b).Having observed the defective humoral response to
SRBC, 6±8-week-old mice were next challenged intra-
peritoneally with nitrophenol (NP)±haptenated chicken
Lymphoid Organ Microarchitectureg globulin (NP16CGG) adsorbed to alum. Total (high- and and Germinal Center Studieslow-affinity) serum anti-NP immunoglobulin titers and
Immunohistology was conducted on MLN of 12±13-high-affinity serum anti-NP IgG1 titers were determined
week-old naive mice and on the spleen of 8±10-week-by binding to densely (NP17BSA) and sparsely (NP2BSA)
old mice immunized 12 days previously with NP16CGGNP-haptenated bovine serum albumin (BSA), respec-
adsorbed to alum (Figure 7). The spleen of immunizedtively. The increase in high:total ratio seen in wild-type
LTb-deficient mice lacked peanut agglutinin (PNA)±mice between day 12 and 21 postimmunization dem-
positive germinal centers, complement receptor 1 (CR1)±onstrates anti-NP affinity maturation (Figure 6C), as
bearing FDC, and metallophilic macrophage (MOMA-1)shown in similar experiments by others (Matsumoto et
staining. In the spleen of wild-type mice, MOMA-1 stain-al., 1996b). Clearly, both LTa- and LTb-deficient mice
ing is restricted to the margin of the white pulp alongshowed relatively normal levels of total anti-NP immuno-
the inner border of the marginal sinus (Kraal, 1992). Thus,globulin, including IgG isotypes, at day 21 postimmuni-
the lack of MOMA-1 staining in the spleen of LTb-defi-zation (Figure 6B). The levels of total anti-NP immuno-
cient mice suggests that the white pulp marginal zoneglobulin were also relatively normal at days 6 and 12
postimmunization (data not shown). However, bothLTa- is disrupted.
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frames of the neomycin resistance gene downstream of
the truncated LTb gene (i.e., the antisense strand of the
neomycin resistance gene; Figure 1), and it is therefore
inconceivable that a read-through protein would be pro-
duced, and there is no potential for translation reinitia-
tion. In any case, the deletion of 0.7 kb of the LTb gene
leaves only the last 23 codons of the LTb coding se-
quence downstream of the neomycin resistance gene.
Several lines of evidence show that we have been
successful in generating an LTb null mutation without
affecting LTa and TNFa expression. First, LTa and LTbFigure 5. IgA Levels in Naive Mice
expression is easily demonstrated on the surface ofSerum (A) and fecal (B) IgA levels in 12±13-week-old wild-type (WT),
polyclonally stimulated wild-type splenocytes by fluoro-LTa-deficient, and LTb-deficient mice. Three mice in each group
cytometry (Browning et al., submitted; Figure 2B), butwere examined; averages are shown as bars. The serum and fecal
titers were determined from the same three mice per group, but the there was complete absence of LTa and LTb on the
serum IgA titers are not directly comparable to the fecal IgA titers surface of polyclonally stimulated LTb-deficient spleno-
(see Experimental Procedures). cytes (Figure 2B). Second, recombinant soluble LTbR
(Rennert et al., 1996) was no longer able to bind to
polyclonally stimulated LTb-deficient splenocytes (Fig-
MLN from naive LTb-deficient mice also lacked CR1- ure 2B). Third, LTa and TNFa messenger RNA expres-
bearing FDC staining and showed greatly reduced sion in polyclonally stimulated and unstimulated spleno-
MOMA-1 staining compared to wild-type littermates cytes appeared normal (Figure 2A). Finally, supernatants
(Figure 7). In lymph nodes, MOMA-1 stains medullary from polyclonally stimulated LTb-deficient and wild-
and subcapsular macrophages (Kraal, 1992), and its use type splenocyte cultures were equally cytotoxic to WEHI
as an indicator of MLN organization is therefore not 164 cells.
equivalent to that with the spleen. Indeed, splenic white Our studies with LTb-deficient mice have revealed
pulp marginal zone areas (of which MOMA-1 isan indica- roles for LTb in splenic organization and peripheral
tor) are unmatched in any other lymphoid organ (Kraal, lymph node, Peyer's patch, and FDC development. Part,
1992). Despite being greatly reduced, the MOMA-1 but not all, of the phenotype is shared with that of LTa-
staining appears to delineate primary B cell follicles in deficient mice, suggesting that many of these processes
the MLN of LTb-deficient mice, just as in the wild-type involve LTa/b complexes. Having said this, it remains
control (Figure 7). possible that LTa has a role in the above processes
Surprisingly, MLN from naive LTb-deficient mice did independent of that in association with LTb (the only
have germinal center±like PNA-positive regions that known such LTa species being LTa3, although we can-
were centered in B cell areas (Figure 7). The presence not exclude the possibility that LTa interacts with an-
of both germinal center±like regions in the MLN of LTb- other as yet unidentified subunit). Indeed, LTa3 may have
deficient mice and germinal centers in the MLN of wild- a role in Peyer's patch development (see below). Of even
type littermates was presumably due to environmental more significance, the presence of MLN and CLN in
antigen challenge, and the stage of germinal center de- LTb-deficient mice and yet their absence in LTa-defi-
velopment at the time of MLN harvest was therefore not cient mice (although some LTa-deficient mice do have
predictable. However, further studies were conducted occasional lymphoid aggregates in the mesentery;
with a second type of PNA reagent (horseradish peroxi- Banks et al., 1995) suggests a very clear role for LTa3.
dase±conjugated PNA) and FDC-M1 (Kosco-Vilbois et Furthermore, the presence of MLN and CLN in double
al., 1992), which recognizes mouse FDC. These studies TNFR- and LTb-deficient mice and their absence in LTa-
confirmed both the presence of germinal center±like deficient mice (De Togni et al., 1994; Banks et al., 1995;
regions in the MLN of LTb-deficient mice and the ab- data not shown) suggests at least twoother possibilities.
sence of FDC (Figure 8B and 8C). Furthermore, the ger- It may be that TNFR and LTbR signaling is redundant
minal center±like regions in some cases appeared to with respect to MLN and CLN development, and that
have PNA light and dark zones (Figure 8B) and proved signaling by either LTa3 (via TNFRs) or LTa1b2 (via LTbR)
to contain mostly B cells (Figures 8E and 8F). is sufficient. Alternatively, MLN and CLN development
may involve LTa3 signaling independent of TNFRs. Since
Discussion LTa3 does not appear to bind LTbR (Crowe et al., 1994),
this leads to the intriguing possibility that LTa3 signals
Our approach to generate LTb-deficient mice was to via a fourth as yet unidentified receptor.
delete a 0.7 kb region of the LTb gene and thereby TNFa-deficient mice possess Peyer's patches (Paspar-
truncate LTb so that it no longer possesses the b sheet akis et al., 1996) despite their absence in TNFR I± (Neu-
extracellular domain, which is highly conserved among mann et al., 1996) and double TNFR-deficient mice (data
TNF family members (Smith et al., 1994; Lawton et al., not shown), suggesting that LTa3 or LTa2b1 is the ligand
1995). This domain contains regions that are responsible that signals via TNFR I for the development of Peyer's
solely for both the assembly of subunits into a trimer patches, and not TNFa. LTbR was also recently impli-
and, equally importantly, for receptor binding (Eck et cated in Peyer's patch development by the absence of
al., 1992; Banner et al., 1993; Smith et al., 1994). There Peyer's patches in mice born of mothers treated during
pregnancy with recombinant soluble LTbR (Rennert etare 22, 19, and 13 stop codons in the three reading
Immunity
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Figure 6. Humoral Responses to T Cell±
Dependent Antigens
Wild-type, LTa-deficient, and LTb-deficient
mice are represented by closed circles, open
circles, and squares respectively.
(A) Anti-SRBC serum titers at day 15 postim-
munization with 0.1 ml 10% (v/v) SRBC, aver-
aged from six mice. The lower limit of detec-
tion was a titer of 50. Values below the
detection limit are shown on the baseline of
10. The IgG levels at day 0 were below the
detection limit.
(B) Total anti-NP serum titers at day 21 post-
immunization with 50 mg NP16CGG adsorbed
to alum. Results from three representative
mice are shown. A few data points are superimposed, but averages are from three mice per group and are shown as bars.
(C) High:total anti-NP serum IgG1 ratios at days 12 and 21 postimmunization. Results from three representative mice are shown, with averages
shown as bars.
al., 1996). Taken together with the absence of Peyer's a possible alternative mechanism for affinity maturation.
In support of this idea, mice deficient in CR1 still possesspatches in LTa- (De Togni et al., 1994) and LTb-deficient
germinal centers (Ahearn et al., 1996; Molina et al., 1996).mice, these observations suggest that Peyer's patch
Second, it has been proposed that substantial prolifera-development is dependent on cooperation between
tion occurs within germinal centers before affinity matu-LTa3 or LTa2b1 (via TNFR I) and LTa1b2 (via LTbR). Coop-
ration (McHeyzer-Williams et al., 1993). In the absenceeration such as this would explain why LTa- and LTb-
of FDC, the germinal center±like regions in the MLNdeficient mice have no Peyer's patches at all, whereas
of LTb-deficient mice may reflect this early stage ofTNFR I± (Neumann et al., 1996) and double TNFR±
germinal center development. These issues remain todeficient mice (data not shown) often have small num-
be resolved.bers of ileal lymphoid aggregates.
The lack of germinal center±like regions in the spleenThe more severe splenic B and T cell disorganization
of LTb-deficient mice despite their presence in the MLNin LTa-deficient mice compared to LTb-deficient mice
may be a consequence of the disorganized splenic ar-suggests at least two possibilities: (1) LTa has a role
chitecture. Certainly, splenic white pulp marginal zoneindependent of LTb in splenic B and T cell organization,
areas are unmatched in any other lymphoid organ, andand/or (2) lymphocytes that would normally home to the
there is increasing evidence that the marginal zone con-MLN have instead populated the spleen (in LTa-deficient
tains memory cells and is involved in defense againstmice) because the MLN are absent, and have thereby
blood-borne particulate antigens (Kraal, 1992). B and Tcreated a ``secondary'' B and T cell disorganization. At
cells are believed to enter the spleen through the mar-present we have no evidence to support either of these
ginal sinuses and become activated by antigen in thetwo possibilities. However, if (2) proves to be correct, it
outer periarteriolar lymphocyte sheath (Kraal, 1992; Liumay also be plausible that the splenic B and T cell
and Banchereau, 1996a, 1996b). The marginal zone playsdisorganization in both LTa- and LTb-deficient mice is
a very active role in these processes (Kraal, 1992), and(at least in part) a secondary consequence of the ab-
a disorganized marginal zone in the spleen of LTb-defi-
sence of peripheral lymph nodes. In any case, both LTa-
cient mice may therefore be very significant. Likewise,
and LTb-deficient mice clearly do have primary splenic
the lack of germinal centers in LTa-, TNFR I- and TNFa-disorganization because the white pulp marginal zone
deficient mice (Matsumoto et al., 1996a, 1996b; Paspar-
is disrupted.
akis et al., 1996) may prove to be a result of splenic
The presence of germinal center±like regions in the
disorganization rather than the result of a direct role
MLN of LTb-deficient mice suggests that germinal cen-
in germinal center formation per se. Like LTb-deficient
ter development had begun despite the absence of FDC, mice, LTa-deficient mice have disrupted white pulp mar-
determined both by CR1 and FDC-M1 staining. These ginal zone organization (Matsumoto et al., 1996a). Re-
germinal center±like regions contain B cells (B220 posi- cently, TNFa-deficient mice have been shown to lack
tive) and in some cases appear to have PNA light and primary B cell follicles, whereas the marginal zone ap-
dark zones, all of which are characteristic of germinal pears to be intact, albeit infiltrated by IgD-positive B
centers (MacLennan, 1994; Liu and Banchereau, 1996a, cells that would normally migrate to primary B cell folli-
1996b). Although there is no evidence as yet that these cles (Pasparakis et al., 1996). The small size of B cell
germinal center±like regions are fully functional, there follicles in the MLN of double TNFR±deficient mice com-
are two points of interest. First, FDC retain immune com- pared to wild-type and LTb-deficient mice (demarcated
plexes for long periods of time in a complement-depen- by MOMA-1 staining; Figure 7) suggests that double
dent manner and are thought to be critical for the forma- TNFR±deficient mice also have a defect in primary B
tion of B cell memory and germinal center affinity cell follicle formation. While TNFR I±deficient mice have
maturation (Klaus et al., 1980; Mandel et al., 1980; Kunkl been shown to have apparently normal marginal zone
and Klaus, 1981; Schriever and Nadler, 1992). However, organization in terms of MOMA-1 staining (Matsumoto
it has also been suggested that germinal centers may et al., 1996a), it is not clear whether they have the same
retain immune complexes via immunoglobulin Fc recep- defect in primary B cell follicle formation as seen in
TNFa-deficient mice.tors (Yoshida et al., 1994; Ahearn et al., 1996), providing
Phenotype of LTb-Deficient Mice
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Figure 7. Immunohistology of the Spleen and MLN
Panels are arranged in rows and columns according to the tissue and staining, respectively. Spleens were harvested from mice 12 days
postimmunization with 50 mg NP16CGG adsorbed to alum. MLN were from naive mice. TNFR2/2 refers to mice that are deficient in both TNFRs.
Metallophilic macrophage (MOMA-1) and IgD staining are brown; CR1 and PNA are purple-blue. (Spleen MOMA-1 and spleen CR1/IgD panels,
original magnification 253; all other panels, original magnification 62.53).
If the lack of germinal center±like regions in the spleen do show near normal isotype switching as determined
by low-affinity antihapten immunoglobulin assays (Mat-of LTb-deficient mice is due to the disorganization, two
points of interest are raised. First, the disorganization sumoto et al., 1996b; Pasparakis et al., 1996; this study).
Furthermore, affinity maturation and isotype switchingmay therefore not be as severe in the MLN as it is in
the spleen, and our preliminary data would concur with to high-affinity antihapten IgG1 were near normal in LTa-
deficient mice after repeated challenge with high dosesthis possibility. Second, greater disorganization in the
spleen than in the MLN implies that LTb has a greater of haptenated antigen (Matsumoto et al., 1996b). There-
fore, the defect in isotype switching as determined byrole in splenic rather than MLN organization and that
not all of the signals for splenic organization are required anti-SRBC may be a reflection of a lack of SRBC antigen
presentation and/or retention in these mutant mice. Withfor MLN organization. This may seem obvious when
considering that the spleen and MLN fulfill different roles this in mind, the lack of germinal centers and FDC is a
unifying phenotype of all of these mutant mice. Havingand have very different architectures (e.g., splenic white
pulp marginal zone areas and their unique role in de- said this, TNFR I±deficient mice did produce substantial
anti-SRBC IgG by day 6 postimmunization, albeit greatlyfense against particulate antigens, as mentioned earlier),
but to our knowledge this is the first description of a reduced compared to wild-type controls by day 15 post-
immunization (Le Hir et al., 1996). The ability to mountspecific mediator of such differences between the
spleen and lymph nodes (i.e., LTa/b complex). this early response may be related to the fact that TNFR
I±deficient mice have intact splenic white pulp marginalFinally, TNFa-, LTa-, TNFa/LTa-, TNFR I± and LTb-
deficient mice all have reduced if not negligible isotype zone areas (at least as judged by MOMA-1 staining;
Matsumoto et al., 1996a), whereas LTa- and LTb-defi-switching as determined by anti-SRBC immunoglobulin
assays (Le Hir et al., 1996; Pasparakis et al., 1996; this cient mice do not. As mentioned earlier, the white pulp
marginal zone is believed to contain memory cells andstudy). However, TNFa-, LTa- and LTb-deficient mice
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Figure 8. Immunohistology of MLN Germinal Centers
Serial sections of MLN from 12±13-week-old LTb-deficient mice (B, C, E, and F) and wild-type littermates (A and D) were stained using
horseradish peroxidase±conjugated PNA and FDC-M1 (A±C) or B220 (D±F). PNA is brown; FDC-M1 and B220 are purple. PNA light and dark
zones in (B) are labeled LZ and DZ, respectively. (Original magnification 803).
originally obtained from Bruce Beutler (Southwestern Medicalto have an important role in processing particulate anti-
School, Dallas) and has been used extensively in previous studiesgens such as SRBC (Kraal, 1992).
(Millet and Ruddle, 1994). Probe B was the region of the LTb geneIn summary, our data with LTb-deficient mice reveal
covering cDNA nucleotide positions 11 to 454 (Lawton et al., 1995).
critical roles for LTb in splenic organization and Peyer's Probes were products of 32P incorporation by random priming
patch, peripheral lymph node, and FDC development. (Stratagene). Homologous recombinant ES cells were injected into
C57BL/6 blastocytes and chimeric males bred to C57BL/6 females.Hitherto unexpected roles for LTa3 in CLN, MLN, and
Heterozygous LTb mice were thus derived from one of four homolo-Peyer's patch development and the possible existence
gous recombinant ES cell clones and were then interbred to obtainof a fourth as yet unidentified LTa-specific receptor are
LTb-deficient and wild-type littermates. All mice were housed insuggested. Taken together with the phenotype of LTa-,
specific pathogen-free conditions.
TNFR-, and TNFa-deficient mice, a complex picture of
cooperation in lymphoid organogenesis and immune LTa- and TNFR-Deficient Mice
response among TNFa, LTa3, and LTa/b complexes has LTa-deficient mice were those previously reported (De Togni et al.,
1994) and were derived from a breeding pair kindly provided bynow emerged.
David Chaplin (Washington University, St. Louis). Mice deficient in
both TNFRs (Peschon et al., submitted) were kindly provided byExperimental Procedures
Jacques Peschon (Immunex, Seattle) via our colleague, Gregory
Geba (Yale University). All mice were on a mixed background ofGeneration of LTb-Deficient Mice
129SVJ and C57BL/6 and were housed in specific pathogen-freeThe LTb gene (Lawton et al., 1995) was isolated from a l Fix II
conditions.129SVJ library (Stratagene). The targeted region was a 5.7 kb SpeI/
EcoRI fragment, which was inserted into the XbaI/Eco RI region of
Northern Blot Analysis and Cytotoxicity AssayspNNO3 (a modified pUC vector) to apply flanking NotI sites. A 0.73
Splenocytes (108) were harvested from 6±8-week-old mice and stim-kb SacI/HpaI fragment representing part of exon II and most of exon
ulated for 0, 4, and 24 hr at 107/ml with 1 mg/ml Con A. Total RNAIII (from bp 865 to 1599 of Lawton et al., 1995 Figure 5) was removed
was extracted with Trizol (GIBCO-BRL). RNA aliquots of 10 mg wereand the DNA blunted. A blunted NotI/HincII cassette from a pBlue-
then used for Northern blot analysis. LTb mRNA detection was donescript vector containing a neomycin resistance gene was inserted
with probe B, usedfor Southern blot analysis in Figure 1. LTa, TNFa,such that neomycin gene transcription proceeded in the opposite
and b-actin mRNA were detected using probes as described else-direction relative to LTb gene transcription. There are 22, 19, and
where (Millet and Ruddle, 1994). Probes were the products of 32P13 stop codons in the three neomycin resistance gene antisense
incorporation by random priming (Stratagene).reading frames, precluding the possibility of translation through the
Cytotoxicity assays for the determination of LTa3/TNFa were doneneomycin resistance gene. Only 23 codons of the LTb protein-
with a sensitive WEHI 164 subline as described elsewhere (Ruddle etencoding sequence remain downstream of the neomycin resistance
al., 1990). Samples tested were supernatants from Con A±stimulatedgene. The LTb-neomycin gene cassette was removed from pNNO3
splenocyte cultures prepared as above. Units were calculated asby NotI cleavage and the 6.2 kb fragment was inserted into the NotI
the highest dilution causing 50% cytotoxicity.site of pTK2. The latter is pBluescript with two copies of the herpes
simplex virus thymidine kinase (tk) gene (McKnight, 1980) inserted
into the EcoRV site. The sizes of the left and right arms of the Immunofluorocytometry of Surface LTa and LTb
Splenocytes were harvested from 6±8-week-old mice and stimu-targeting construct are therefore 2.3 and 2.5 kb, respectively. The
targeting vector was linearized at a SalI site immediately 39 of the lated for 18 hr at 5 3 106/ml with 1 mg/ml anti-CD3. The splenocytes
were then stained with biotin-conjugated hamster antibodies, eitherthymidine kinase genes (Figure 1), and 25 mg was used to electropo-
rate 107 W9.5 ES cells (Stewart et al., 1992). ES cells were then anti-TNP (negative control), anti-LTa (AFB3), or anti-LTb (BBF6).
This was followed by phycoerythrin-conjugated streptavidin andplated onto mitomycin C±treated primary embryonic fibroblasts, and
double-drug selection for homologous recombinants (Mansour et counterstaining with 7-amino actinomycin D and FITC-conjugated
anti-B220. Antibodies against murine LTa and LTb were generatedal., 1988; Capecchi, 1989) was begun 24 hr later with 2 mM gan-
cyclovir (Syntex) and 300 mg/ml G418 (GIBCO-BRL). ES cell colonies by Browning et al. (submitted). Data were gated to remove B220-
positive cells (FITC positive) and dead cells (7-amino actinomycin Dand subsequent mice were screened by BamHI digest Southern
blot analysis using probes A and B. Probe A was a TNFa cDNA positive). Alternatively, cells were stained with recombinant soluble
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LTbR (LTbR-Ig) (Rennert et al., 1996) or human LFA3-Ig (negative FDC-M1 (Kosco-Vilbois et al., 1992; kindly provided by Mark Shlom-
chik and Lynn Hannum). Germinal centers were stained with biotin-control) followed by phycoerythrin-conjugated anti-human IgG and
counterstaining as above. The fusion proteins contained only the conjugated PNA (Rose et al., 1980) and horseradish peroxidase±
conjugated PNA (both from EY Labs). B cells were stained withhuman CH3 domains and hence could not bind Fc receptors (Ren-
nert et al., 1996). Phycoerythrin-conjugated CD69 was used to test biotin-conjugated B220 (Pharmingen). Staining with biotin conju-
gates included a secondary step of alkaline phosphatase±whether the LTb gene disruption had affected cell activation.
Other fluorocytometry markers for spleen, thymus and MLN cells conjugated streptavidin (Zymed). Substrates for horseradish peroxi-
dase and alkaline phosphatase were diaminobenzidine (brown) andwere ab TCR, CD4, CD8, B220, IgM, IgD, CD44, L-Selectin, and
CD23 (all from PharMingen). NBT/BCIP (purple-blue) respectively (purchased ready-to-use from
Zymed). Counterstaining was done with nuclear fast red (Sigma).
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